Introduction {#S5}
============

Hypoxia exists in white adipose tissue of obese patients and rodents, and represents a mechanism for adipose tissue dysfunction although hyperoxia is also reported in obesity ^[@R1],\ [@R2][@R3]^. Hypoxia induces leptin expression ^[@R4]-[@R6]^, inhibits adiponectin expression ^[@R7],\ [@R8]^, activates macrophages or lymphocytes to express pro-inflammatory cytokines ^[@R7],\ [@R9]^ and triggers adipocyte death ^[@R10]^. Adipose tissue hypoxia has drawn more attention in the study of metabolic disorders in obesity ^[@R2],\ [@R11],\ [@R12]^. At the cellular level, hypoxia has many activities in the regulation of metabolism such as stimulation of glycolysis and inhibition of mitochondrial function. In adipocytes, persistent hypoxia (\>8h exposure) inhibits insulin-induced glucose uptake and promotes lipolysis ^[@R10],\ [@R13]^, which correlates to inhibition of adipocyte differentiation ^[@R14],\ [@R15]^. These studies suggest that persistent hypoxia inhibits adipose tissue function through a negative impact on the endocrine and storage functions of adipocytes.

Although persistent hypoxia has been extensively studied in adipocytes, there is little information about impact of transient hypoxia (2-4 h) on adipocytes. During adipose tissue expansion, transient hypoxia may occur as a result of temporary disbalance of oxygen supply and consumption in the early phase of tissue expansion, which may precede the persistent hypoxia by years. The hypoxia is a result of either reduced blood supply or increased oxygen demand in adipose tissue ^[@R16],\ [@R17]^, which reflects a disbalance between cells and the extracellular matrix during tissue growth. The balance is usually restored after local adaptation of the blood vessel function to the growing tissue. The transient hypoxia may occur frequently during adipose tissue expansion in obesity. The impact of transient hypoxia on adipocytes and preadipocytes remains unknown in adipose tissue. Current study was designed to address this issue.

In this study, we examined metabolic responses of adipocytes and preadipocytes to transient hypoxia. Single and multiple exposures to hypoxia were applied to the cells to understand the acute and chronic impact in metabolism. The results suggest that preadipocytes may remember the hypoxia effect through a reprogramming process for enhanced insulin sensitivity and TG accumulation.

METHODS {#S6}
=======

Reagents {#S7}
--------

3-isobutyl-1-methylxanthine (IBMX, I5879), dexamethasone (D8893), human insulin solution (I9278), antibody to hypoxia-inducible factor (HIF-1α, H6536) and sodium sulfite (Na~2~SO~3~, S0505) were obtained from Sigma-Aldrich. Antibodies against glucose transporter 1 (Glut1; ab652), glucose transporter 4 (Glut4; ab654), Akt (ab8805), S6K (ab9366), phosphorylated Akt Thr308 (pAkt, ab38449), phosphorylated pyruvate dehydrogenase E1 Ser293 (pPDHE1, ab92696), and β-actin (ab6276) were obtained from Abcam (Cambridge, UK). Antibodies to pyruvate dehydrogenase E1 (PDHE1, sc-65242), insulin receptor β (IRβ, sc-711), insulin receptor substrate-1 (IRS-1, sc-7200), GSK-3β (sc-7291), SREBP1 (sc-13551) and phosphorylated GSK3β (pGSK3β; sc-11757-R) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody to phosphorylated AktSer473 was purchased from Calbiochem (Gibbstown, NJ). Antibodies to AMPK (\#2603), phosphorylated AMPKα (Thr172, pAMPK, \#2535), and phosphorylated acetyl CoA carboxylase (pACC, \#3661) were purchased from Cell Signaling (Beverly, MA). Antibody to phosphorylated IRS-1 Ser-307 (28863) was purchased from Upstate Biotechnology (Canastota, NY). PPARγ (MAB3872) antibody was from EMD Millipore (Billerica, MA, USA).

Cell culture and adipocytes differentiation {#S8}
-------------------------------------------

3T3-L1 preadipocytes were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum. Two days after confluence, 3T3-L1 cells were induced to differentiation using the standard adipogenic cocktail (0.5mM IBMX, 1μM dexamethasone and 10μg/ml insulin) that was applied for 4 days, and followed by 10μg/ml insulin treatment for additional 4 days ^[@R18]^. Culture medium was changed every other day. The differentiated cells were maintained in normal serum-containing DMEM.

Hypoxia treatment {#S9}
-----------------

Two methods were used in the generation of hypoxia. Chemical hypoxia was generated by adding sodium sulfite Na~2~SO~3~ (Sigma) into the culture medium at a final concentration of 200 μg/ml to reduce dissolved oxygen to 1% in the aqueous medium according to a protocol described elsewhere ^[@R19]^. The hypoxia was confirmed by measuring the oxygen levels with an oxygen meter. Ambient hypoxia was generated using a low-oxygen air that contained 1% oxygen, 5% carbon dioxide, and 94% nitrogen as described elsewhere ^[@R7]^. In acute hypoxia response, differentiated 3T3-L1 adipocytes were serum-starved in DMEM supplemented with 0.25% bovine serum albumin (BSA) overnight, and then treated with the chemical hypoxia for 0.5h, 1h, 2h, 4h or 8h. The medium and cell lysates were collected at indicated times for subsequent assays. In the transient hypoxia treatment, differentiating 3T3-L1 preadipocytes were treated with the chemical hypoxia (4h) or ambient hypoxia (2h) once a day, which was applied at the last 4 days (4d) or whole differentiation process (8 days) during the differentiation period. Cells cultured in the normoxia medium were used as control.

Glucose uptake and fatty acid oxidation {#S10}
---------------------------------------

After hypoxia treatment, cells were cultured in 24-well plates, starved with low glucose serum-free medium (DMEM with 0.25% BSA) overnight, 2-deoxy-D-\[^3^H\] glucose uptake was performed as previously described with some modifications ^[@R20]^. Briefly, 3T3-L1 cells were washed twice with warm (37 °C) PBS, adipocytes were either untreated (basal, insulin-independent) or treated with insulin (100nM) for 15 min in PBS buffer. Without changing the buffer, glucose uptake was monitored by adding 1.0 μCi per well of 2-deoxy-\[1, 2-^3^H\]-glucose (specific activity 740 GBq mmol/L) for 10 min at 37°C. The cells were gently washed three times with ice-cold PBS and lysed in 800 ml of solution containing 0.5 M NaOH and 0.1% sodium dodecyl sulfate. ^3^H-glucose uptake was detected in 4 ml of scintillate using Beckman LS6500 scintillate counter. Nonspecific deoxyglucose uptake is measured in the presence of 20 μM cytochalasin B and is subtracted from the total uptake for transporter-mediated glucose uptake. The level of glucose uptake in the control group (normoxia) was used as a reference to determine the hypoxia effect. For fatty acid oxidation, 3T3-L1 adipocytes were cultured in a 12-well plate, starved in serum-free DMEM with 0.25% BSA overnight, \[^14^C\] palmitic acid oxidation was detected after hypoxia treatment as described elsewhere ^[@R21]^.

Glycerol and TG assays {#S11}
----------------------

3T3-L1 adipocytes were cultured in a 6-well plate. In the hypoxia treatment, the cells were maintained in hypoxia medium supplemented with 0.25% BSA and 25μM HEPES. In the recovery treatment, the cells were maintained in DMEM supplemented with 0.25% BSA and 25μM HEPES overnight after hypoxia treatment. Supernatant medium was used to assay glycerol production, cytosolic protein extracts and triglyceride using the commercially available colorimetric kits (Sigma, St. Louis, MO). To test TG in adipocytes, oil red O staining was performed as previously described ^[@R18]^. Selected culture dishes were fixed with 10% formalin (Sigma-Aldrich) for at least 1 h. For quantitative TG analysis, TG was extracted from the whole cell lysate using the standard chloroform/methanol (2:1) protocol ^[@R22]^. TG was quantified enzymatically using the Serum Triglyceride Determination Kit (TR0100; Sigma-Aldrich) as described elsewhere ^[@R10]^. The result was normalized by protein concentration of the whole cell lysate to TG (mg)/protein (mg).

PDH enzyme activity {#S12}
-------------------

Cells were washed with PBS, harvested using NETN buffer (20 mM Tris-HCl pH 7.8), 1 mM EDTA, 50 mM sodium chloride, and 0.5% NP-40) and cell lysates were centrifuged at 12,000 rpm at 4°C for 10 min. Supernatants were collected and protein concentration was determined by BCA assay kit (Pierce). Pyruvate dehydrogenase activity (PDH: Abcam, USA) and lactic dehydrogenase (LDH: BioVision, USA) enzyme activity were measured immediately after the treatment according to the kit instruction.

Quantitative RT-PCR {#S13}
-------------------

Total RNA was isolated with TRIZOL reagent (Sigma T9424) according to the manufacturer's protocol. The expression levels of mRNAs were quantified using the TaqMan PCR reagent kit's detection system according to the protocols provided by the manufacturer (Applied Biosystems). Quantitative RT-PCR (qRT-PCR) was conducted using the ABI 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). The following primers and probes were ordered from Applied Bio systems. Lipid metabolism-related genes include lipoprotein lipase (LPL; Mm 00434770_m1), fatty acid synthase (FSA: Mm00662319-m1), hormone sensitive lipase (HSL: Mm00495359-m1), and adipose tissue triglyceride lipase (ATGL, Mm00503040_m1). Mitochondrial genes include PPARγ coactivator 1 alpha (PGC-1α, Mm00447183_m1), estrogen related receptor alpha (ESRRα, Mm00433143_m1), and nuclear respiratory factor 1 (NRF-1, (Mm00447996_m1). The mRNA signal was normalized with 18S signal and elative gene expression was determined using the 2\^- ΔΔ Ct method. A mean value of triplicates was used for relative mRNA level or calculation of the degree of mRNA induction.

Western blot {#S14}
------------

Cells were harvested using NETN buffer (20 mM Tris-HCl pH 7.8, 1 mM EDTA, 50 mM sodium chloride, and 0.5% NP-40), lysed by sonication for 10 second at 40 Watts, then centrifuged at 12,000 rpm at 4°C for 10 min. Supernatants were collected and protein concentration was determined by BCA assay kit (Pierce). Western blot was conducted as described elsewhere ^[@R18]^.

Statistical analysis {#S15}
--------------------

In this study, all of the experiments were conducted at least three times with consistent results. The data from representative experiments are presented. Values are means ± SE of multiple data points or samples to represent the final result. Student's t-test or one-way ANOVA was used in statistical analysis of the data, p values \<0.05 were considered statistically significant.

Results {#S16}
=======

Transient hypoxia enhanced insulin-independent and -dependent glucose uptake {#S17}
----------------------------------------------------------------------------

Long-term (\>8 h) hypoxia treatment inhibits differentiation of preadipocytes, and suppresses insulin action in differentiated adipocytes ^[@R10],\ [@R15]^. The effect of short-term hypoxia remains unknown in adipocytes. To address this issue, differentiated adipocytes were exposed to hypoxia for different times up to 8h in a time course study. The basal glucose uptake was enhanced in adipocytes by the hypoxia in the absence of insulin stimulation. As observed at 0.5h, the increase was 68.2% (2h) and 228.6% (4h) above the control level ([Fig. 1A](#F1){ref-type="fig"}). The increase went down thereafter as shown by the decreased glucose uptake at 8h ([Fig. 1A](#F1){ref-type="fig"}). The response in glucose uptake was associated with an increase in protein of glucose transporter 1 (GLUT1) in adipocytes ([Fig. 1B](#F1){ref-type="fig"}). GLUT1 protein was examined in the whole cell lysate and the increase was observed at 30min. Abundance of GLUT4 protein was not dramatically changed in the same condition ([Fig. 1B](#F1){ref-type="fig"}). HIF-1α protein was up-regulated in parallel with GLUT1 ([Fig. 1B](#F1){ref-type="fig"}).

In addition to the basal glucose uptake, insulin-stimulated glucose uptake was examined in the hypoxia model. The glucose uptake was enhanced by 82.2% at 2h of hypoxia treatment ([Fig. 1C](#F1){ref-type="fig"}). The increase was transient as it was not observed before and after 2h. The enhanced insulin action was observed with elevated phosphorylation of AMPK and acetyl-CoA carboxylase (ACC) ([Fig. 1D](#F1){ref-type="fig"}). ACC phosphorylation is catalyzed by AMPK. The data suggest that GLUT1 and AMPK activities are induced in adipocytes by hypoxia, which may contribute to the temporary induction of glucose uptake by hypoxia.

The effect of short-term hypoxia exposure was investigated in preadipocytes during cell differentiation to explore the metabolic reprogramming effect of hypoxia. 3T3-L1 preadipocytes were exposed to transient hypoxia for 4h/day during the course of differentiation. The treatment was conducted in two conditions, once a day in the last 4 days (4d) of differentiation, and once a day for 8 days (8d) in the whole process of differentiation. This design was employed to test the stage-specific effect of the hypoxia on differentiation. Glucose uptake was determined in the differentiated adipocytes in the absence of hypoxia to test the reprogramming effect. Basal glucose uptake in the absence of insulin stimulation was not altered by the hypoxia treatment ([Fig. 1E](#F1){ref-type="fig"}). However, insulin-stimulated glucose uptake was significantly increased in the adipocytes. The increase was 42.7% (4d) and 62.2% (8d), respectively, in the cells treated in both conditions. The increase was associated with elevated GLUT4 protein, pAMPK and pACC signals ([Fig. 1F](#F1){ref-type="fig"}). GLUT1 was not increased in the cells. The data suggest that the transient hypoxia have a long-term impact on preadipocytes. Preadipocytes are able to remember the impact with enhanced insulin sensitivity in normoxia condition. It is sufficient to generate the reprogramming effect by exposing the cells to the hypoxia in the last 4 days of differentiation.

Induction of TG accumulation in differentiating adipocytes by transient hypoxia {#S18}
-------------------------------------------------------------------------------

Given that transient hypoxia is able to reprogram the preadipocytes for enhanced insulin sensitivity, it may alter adipocyte differentiation. Triglyceride (TG) accumulation was examined in the adipocytes to evaluate the differentiation. TG abundance was quantified using two methods, oil red O staining and enzyme-based TG assay ([Fig. 2, A and B](#F2){ref-type="fig"}). TG was increased by 60% in the hypoxia-treated cells. The increase was observed in both 4d and 8d treatment. The TG elevation was associated with enhanced protein expression of lipogenic transcription factors, PPARγ and SREBP ([Fig. 2C](#F2){ref-type="fig"}). Expression of PPARγ target genes (FAS, SCD1, LPL and HSL) was enhanced in mRNA to support the enhanced function of the transcription factors ([Fig. 2, D-G](#F2){ref-type="fig"}). The data suggest that TG biosynthesis is enhanced in adipocytes by the hypoxia-induced reprogramming through up-regulation of PPARγ and SREBP activities.

Inhibition of oxidative phosphorylation and lipolysis by hypoxia {#S19}
----------------------------------------------------------------

In cells, hypoxia decrease ATP production from fatty acids by inhibition of mitochondrial function. The reduction in fatty acid utilization may contribute to TG accumulation in adipocytes. To test this possibility, fatty acid oxidation was determined in adipocytes in acute hypoxia response using \[^14^C\] palmitic acid. The oxidation was quickly and significantly reduced by the hypoxia treatment ([Fig. 3A](#F3){ref-type="fig"}). The inhibition was observed at 0.5h and the inhibition was enhanced with duration of hypoxia exposure in the time-dependent study of 8h. The inhibition peaked at 8h with 15.5 fold reduction. Glucose oxidation was examined indirectly by determining pyruvate dehydrogenase (PDH) activity, which is required for glucose utilization in the oxidative phosphorylation pathway in mitochondria. The catalytic activity of PDH was dramatically decreased by hypoxia in a time-dependent manner ([Fig. 3B](#F3){ref-type="fig"}). The catalytic activity of lactate dehydrogenase (LDH) was increased by hypoxia at 1h (50.9% increase), and then followed by 44.5% decrease at 2h ([Fig. 3C](#F3){ref-type="fig"}). Lipolysis was examined in the hypoxia-treated adipocytes by testing supernatant glycerol and expression of lipolytic enzyme. The glycerol and adipose triglyceride lipase (ATGL) were both reduced consistently by the hypoxia treatment ([Fig. 3, D and E](#F3){ref-type="fig"}). Interestingly, expression of lipoprotein lipase (LPL) was decreased as well ([Fig. 3F](#F3){ref-type="fig"}). The data suggest that utilization of fatty acid and glucose by mitochondria are inhibited by hypoxia in adipocytes. Adipocyte lipolysis and uptake of fatty acids by adipocytes are also inhibited by hypoxia. These metabolic alterations in adipocytes may contribute to TG accumulation in response to hypoxia.

Mitochondrial genes in the metabolic reprogramming {#S20}
--------------------------------------------------

The effects of transient hypoxia were remembered by differentiating adipocytes in the adipogenic model ([Fig. 1, E and F](#F1){ref-type="fig"}), suggesting reprogramming of the metabolic system. The reprogramming is reflected in elevated glucose-uptake and enhanced AMPK activity in cells post differentiation under normoxia. It is unknown if the reprogramming involve expression of mitochondrial genes. To address this issue, expression of mitochondria genes was examined in the adipocytes. In adipocytes, PGC-1α mRNA was increased, but other genes such as NRF-1 and ESRRα were reduced in response to acute hypoxia exposure ([Fig. 4, A-C](#F4){ref-type="fig"}). In the reprogrammed cells, expression of PGC-1 was increased ([Fig. 4D](#F4){ref-type="fig"}). However, expression of NRF-1 and ESRRα was also increased ([Fig. 4, E and F](#F4){ref-type="fig"}). The results suggest that the alteration of mitochondria genes is associated with the preadipocyte reprogramming by transient hypoxia.

Increased insulin signaling activity in reprogrammed adipocytes {#S21}
---------------------------------------------------------------

Insulin-stimulated glucose uptake was enhanced in the adipogenic model ([Fig. 1E](#F1){ref-type="fig"}), suggesting that insulin signaling pathway may involve in the memory of the transient hypoxia effects. To test the possibility, insulin signaling molecules were examined in the reprogrammed adipocytes. The adipocytes were treated with 100nM insulin for 15min to activate the insulin signaling pathway. IRβ protein was not changed, but phosphorylation of Akt (pT308 and pS473) and GSK3β were all up-regulated in the adipocytes treated with transient hypoxia ([Fig. 5, A and B](#F5){ref-type="fig"}). Without insulin treatment, the reprogrammed adipocytes did not show a difference from the control adipocytes ([Fig. 5A](#F5){ref-type="fig"}, lanes 1-3). IRS-1 (pS307) was examined and no obvious change was observed (data not shown). These data demonstrate that the insulin signaling pathway is involved in reprogramming in adipocytes by the transient hypoxia.

AMPK in the memory of hypoxia effect {#S22}
------------------------------------

AMPK was activated by acute hypoxia and the enhanced activity was observed in the reprogrammed adipocytes. To determine the role of AMPK in the metabolic reprogramming, AMPK inhibition was introduced in the experiment using the chemical inhibitor Compound C (20μM). The glucose uptake was tested in the adipocytes with or without insulin stimulation. Effect of acute hypoxia was blocked by the AMPK inhibitor in the basal condition and in the presence of insulin ([Fig. 6, A and B](#F6){ref-type="fig"}). The inhibition generated similar activities in the reprogrammed adipocytes ([Fig. 6, C and D](#F6){ref-type="fig"}). The data suggests that AMPK is required for the acute effect of hypoxia and for the reprogramming effects of transient hypoxia.

Adipocyte reprogramming by transient ambient hypoxia {#S23}
----------------------------------------------------

Above studies were conducted in hypoxia generated with sodium sulfite (Na~2~SO~3~, 200 μg/ml). It is not known if there are effects of the sodium sulfite on adipocytes beyond oxygen depletion. To address this issue, the reprogramming experiment was conducted under ambient hypoxia generated with 1% oxygen air. The differentiating 3T3-L1 cells were treated with the hypoxia once a day in the last four days of differentiation. The reprogramming effects were examined for TG accumulation, pAMPK, PPARγ, SREBP1 and gene expression (FAS, SCD1, PGC-1α, and NRF-1). All of these parameters were increased in the reprogrammed adipocytes ([Fig. 7, A-D](#F7){ref-type="fig"}). The similar activities of ambient hypoxia and chemical hypoxia suggest that sodium sulfite does not have an effect beyond the oxygen depletion.

DISCUSSION {#S24}
==========

Current study demonstrates that transient hypoxia is able to reprogram differentiating 3T3-L1 cells in metabolism for enhanced TG accumulation. In acute response to hypoxia, adipocytes exhibited an increase in insulin-independent and -dependent glucose uptake. The responses are consistent with enhanced glucose demand in glycolysis in compensation for decreased ATP production by mitochondria under hypoxia. A reduction in lipolysis and β-oxidation of fatty acids was observed in the adipocytes in the acute response to hypoxia, which confirms the decrease in fatty acid utilization by mitochondria in ATP production. These metabolic alterations are in favor of TG accumulation in adipocytes. The acute hypoxia effect was programmed into differentiating preadipocytes through repeated exposure of the preadipocytes to transient hypoxia. The metabolic reprogram was observed in cells for increased TG accumulation and insulin sensitivity post differentiation in the absence of hypoxia. The enhanced insulin sensitivity was observed with increased signals of pAkt and pGSK-3β following insulin challenge together with elevated basal GLUT4 protein. Stimulation of *de novo* lipogenesis and inhibition of lipolysis by insulin may contribute to the TG accumulation. Expression of PPARγ and SREBP1 proteins was elevated in the reprogrammed cells, which provides a transcriptional mechanism for *de novo* lipogenesis and TG storage. The data suggest that transient hypoxia is able to reprogram metabolism in differentiating adipocytes. The reprogramming effects were observed in two different hypoxia models, chemical hypoxia and ambient hypoxia. In contrast to the transient hypoxia, persistent hypoxia inhibits insulin sensitivity and TG accumulation in adipocytes ^[@R10],\ [@R13]^.

Our data suggests that gene expression involves in the adipocyte reprogramming by transient hypoxia. Metabolic reprogramming is determined by gene expression and post-translational modification of enzymes. The activities of several transcription factors (HIF-1, PGC-1α, PPARγ and SREBP1) were increased together with expression of their target genes. In the acute response to hypoxia, HIF-1α was increased together with GLUT1 protein in adipocytes, which is consistent with our previous observation ^[@R10]^. As a HIF-1 target gene, GLUT1 protein was increased by hypoxia within 30 minutes in this study, suggesting a novel mechanism of regulation by hypoxia. In the classical regulation, GLUT1 transcription is increased by HIF-1, which takes more than 30 minutes to increase GLUT1 protein. In addition to this regulation, protein half-life or translational modification may also play a role in GLUT1 regulation by hypoxia. The increased PGC-1α may contribute to the mechanism of adipocyte reprogramming through interaction with HIF-1. The possibility is supported by PGC-1α activity in the induction of vascular endothelial growth factor (VEGF, a HIF-1 target gene) in the study of cold response ^[@R23]^. HIF-1 may contribute to the elevated PPARγ expression in the reprogrammed adipocytes. HIF-1 was reported to induce PPARγ expression in a study of hypoxic response ^[@R24]^. The elevated PPARγ and SREBP proteins may contribute to the enhanced expression of GLUT4, FAS, SCD1, LPL and HSL in the reprogrammed adipocytes. These data suggests that multiple transcription factors may involve in the metabolic reprogramming of differentiating adipocytes. In addition to gene expression, post-translational modification of proteins may also involve in the reprogramming. LPL activity is induced by glycosylation and mRNA expression in response to insulin ^[@R25]^. SREBP1 activity is enhanced by cleavage in addition to mRNA expression. PPARγ activity is regulated by acetylation and phosphorylation ^[@R26],\ [@R27]^. Those modifications remain to be tested in the adipocyte reprogramming.

Activation of AMPK may contribute to the metabolic reprogramming through post-translational modification of cellular proteins. AMPK is an energy sensor in cells, whose activity is induced by an increase in AMP/ATP ratio ^[@R28]^. An increase in AMPK activity was suggested by phosphorylation of AMPK (Thr172) and ACC (AMPK substrate) in the reprogrammed cells. The activities in the normoxia condition suggest a role of AMPK in the memory of the hypoxic response. AMPK contributes to insulin sensitivity in multiple mechanisms including induction of GLUT4 translocation to the plasma membrane ^[@R29],\ [@R30]^. AMPK also enhances PGC-1α activity through phosphorylation ^[@R31]^. The mechanism by which AMPK activity is enhanced in the reprogrammed adipocytes remains unknown.

The data provides an example that the impact of one and multiple hypoxia exposure is different. GLUT4, instead of GLUT1, was elevated in the reprogrammed adipocytes. FAS, SCD1, NRF-1, ESRRα and LPL were all increased in the reprogrammed adipocytes, but decreased in adipocytes in the acute hypoxia response. The data suggest that a part of acute hypoxic response is reprogrammed into the adipocytes through repeated exposure of differentiating adipocytes to the transient hypoxia.

This study has a couple of limitations. First, AMPK inhibition was performed using the chemical inhibitor. Although compound C is widely used in the inhibition of AMPK, it may have off-target effect. AMPK knockout will be a better tool to confirm the AMPK activity in the future. Second, the study was concentrated on the storage function of adipocytes, and the endocrine function was not examined in adipocytes.

In summary, the present study reveals that the transient hypoxia may promote TG accumulation in adipocytes. Repeated exposure of differentiating adipocytes to transient hypoxia is able to reprogram the cells for increased TG accumulation and enhanced insulin sensitivity. The effects involve induction of *de novo* lipogenesis, inhibition of lipolysis and suppression of fatty acid β-oxidation. The mechanism of reprogramming involves gene expression and AMPK activation. The mechanism of elevated AMPK activity remains unknown in the reprogrammed adipocytes. The results may apply to other type of cells given that AMPK regulates metabolism in many types of cells ^[@R32]^.
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![Induction of glucose uptake by transient hypoxia in 3T3-L1 adipocytes. A. Glucose uptake in differentiated adipocytes. Basal 2-deoxy-D-\[^3^H\] glucose uptake was examined in 3T3-L1 adipocytes after hypoxia treatment. B. GLUT1 expression in adipocytes. Proteins of GLUT1, GLUT4 and HIF-1α were determined in the whole cell lysate by Western blot. C. Insulin-stimulated glucose uptake. The test was conducted in differentiated cells. D. pAMPK (Thr172), and pACC (Ser79). The phosphorylation signals and AMPK were determined by Western blot in whole cell lysate of differentiated cells after hypoxia treatment. E. Glucose uptake in differentiated 3T3-L1 cells. The preadipocytes were treated with transient hypoxia (4h) once a day during the differentiation period either in the last 4 days (4d) or the whole process of differentiation of 8 days (8d). Glucose uptake was tested in cells in normoxia condition after differentiation in the presence or absence (basal) of insulin. F. GLUT4 protein and pAMPK. GLUT4, GLUT1, pAMPK, AMPK and pACC were examined in differentiated cells by Western blot. Experiments were repeated 3 times with consistent results. In the bar figure, results are mean ± SE (n=3). Ctr represents normoxia condition. \*p\<0.05, \*\*p\<0.01 vs. normoxia control.](nihms-719452-f0001){#F1}

![Lipid synthesis was enhanced by transient hypoxia. (A) TG determined by oil red O staining. Images are presentative of adipocytes after differentiation with transient hypoxic (4h/day) treatment in the course of differentiation. (B) TG in adipocytes after differentiation. (C) Proteins of PPARγ and SREBP in adipocytes after differentiation. (D) Relative FAS mRNA. (E) Relative SCD1 mRNA. (F) Relative LPL mRNA. (G) Relative HSL mRNA. In the bar figure, data represents mean ± SE (n=3). Ctr represents normoxic condition. \*p\<0.05, \*\*p\<0.01 vs. normoxic control.](nihms-719452-f0002){#F2}

![Fatty acid oxidation regulated by hypoxia. A. \[^14^C\] palmitic acid oxidation in differentiated 3T3-L1 adipocytes after hypoxia treatment. B. PDH enzyme activity after hypoxia treatment. C. LDH activity after hypoxia treatment. Ctr represents normoxic condition. D. Glycerol in cell supernatant. E. ATGL mRNA. F. LPL mRNA. In the bar figure, data represents mean ± SE (n=3). \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. normoxic control.](nihms-719452-f0003){#F3}

![Regulation of mitochondrial genes during and post hypoxia. Acute effect of hypoxia was examined in 3T3-L1 adipocytes treated with hypoxia for different time, and mitochondrial genes were examined in mRNA by qRT-PCR. A. PGC-1α; B. NRF-1; C. ESRRα; D. PGC-1. 3T3-L1 preadipocytes were treated with hypoxia during differentiation for 4 days and 8 days. Mitochondria genes including PGC-1α were determined in differentiated adipocytes. E. NRF-1; F. ESRRα. In the bar figure, data represents result of mean ± SE (n=3). \* p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 vs. normoxic control.](nihms-719452-f0004){#F4}

![Enhanced insulin signaling pathway. A. Insulin signaling pathway. The hypoxia treatment was applied to 3T3-L1 cells during induction of differentiation as described in [figure 1E](#F1){ref-type="fig"}. 3T3-L1 adipocytes were treated with 100nM insulin for 15min before harvested. Whole cell lysates were used in Western blot. The experiment was repeated three times with consistent results. B. Quantification of the signal. Quantification was normalized with loading control. The bar figure represents mean ± SE (n=3). \* p\<0.05, \*\*p\<0.01 vs. normoxic control.](nihms-719452-f0005){#F5}

![AMPK inhibition decreased the hypoxia effect on glucose uptake. A. Insulin-independent glucose uptake was reduced by AMPK inhibitor. 3T3-L1 adipocytes were exposed to hypoxia medium for 2h and 4h in the presence of compound C (20μm in DMSO). 2-deoxy-D-\[^3^H\] glucose uptake was examined immediately after the hypoxia treatment in the absence of insulin. B. Insulin-stimulated glucose uptake was decreased by hypoxia. C. Insulin-independent glucose uptake in 3T3-L1 adipocytes after recovery from hypoxia. D. Insulin-stimulated glucose uptake in adipocytes after recovery from the hypoxia treatment. Experiments were repeated 3 times with consistent results. In the bar figure, data represents mean ± SE (n=3). Ctr represents normoxic condition. CC: Compound C. ^++^ p\<0.01 hypoxia vs normoxic control; \* p\<0.01, \*\* p\<0.01, \*\*\* p\<0.001 hypoxia with compound C vs. hypoxia.](nihms-719452-f0006){#F6}

![Adipocyte reprogramming by ambient hypoxia. 3T3-L1 preadipocytes were treated with ambient hypoxia (1% oxygen) for 2h each day in the last 4 days of differentiation. After completion of differentiation, the cells were incubated in the normal culture medium for one day and then used in the assays. (A) TG determined by oil red O staining. Representative images are presented. (B) pAMPK signal by Western blotting. (C) Proteins of PPARγ and SREBP in adipocytes. (D) Relative mRNA levels of FAS, SCD1, PGC-1α, and NRF1. In the bar figure, data represents mean ± SE (n=3). Control represents normoxic condition. \* p\<0.05 vs. normoxic control.](nihms-719452-f0007){#F7}
